Introduction
Polycrystalline (p-) materials composed of ultrafine grains with the mean size less than ~100 nm are called nanocrystalline (n-) materials. It is known that the mechanical property of conventional p-metals is mainly governed by the dislocation activity. Since the dislocation activity is considerably suppressed in n-metals due to the ultrafine grain size, the mechanical property of n-metals greatly depends on the behavior of the grain boundaries. As well as the much increased volume fraction of the grain boundary region, the state of the grain boundaries also plays an important role on characteristic properties of n-materials. Several investigations were suggested that the grain boundary state of n-materials was different from that of p-materials 1, 2 . When the grain boundary state of n-metals is different from that of conventional p-metals, the mechanical property n-metals becomes considerably modified from the p-metal counterparts combined with the much increased factional volume. For the plasticity measurement, it was reported that the creep rate of n-Au showed a sudden increase with several orders in magnitude at the applied stress above 350 MPa at room temperature 3 . At the same time, the (111) preferred orientation where the most of the crystallites aligned as the <111> directions were normal to the specimen surface was changed to the random texture by the creep deformation, but the mean size was almost unchanged. Further, the independent movement of the crystallites through the grain boundary sliding with keeping the crystallite shape was observed from the scanning tunneling microscopy under the creep deformation 3 . These observations suggested that the crystallites are connected with the viscoelastic grain boundaries in n-Au. Since no grain growth was observed after the creep deformation, it was surmised that a quasitwo-phase state composed of the crystallites and the grain boundaries was attained in n-Au 4 . In contrast, the creep deformation behavior at liquid nitrogen temperature was much different from that at room temperature and the no viscoelastic nature of the grain boundaries was suggested 3 . The internal friction measurement is a powerful and sensitive tool to study behavior of the grain boundaries. For the elasticity measurement, we reported that the internal friction of n-Au showed a rapid increase linearly with temperature above 200 K accompanied with a decrease in dynamic Young's modulus 5, 6 . Since the amount became small with a progress of the grain growth by annealing, the rapid increase of internal friction above 200 K was attributed to a certain anelastic relaxation process in the grain boundaries. These observations indicated that in n-Au, the anelastic nature of grain boundaries becomes thermally activated above ~200 K. The similar increase in the internal friction above ~200 K was also observed for n-Cu . Combined with the results of the creep deformation, it was suggested that the anelasticity (or viscoelasticity) of the grain boundaries thermally activated above ~200 K in n-metals. In the present study, we carried out the internal friction measurement of n-Ag and the result was compared with those of n-Au and n-Cu in order to pursue the intrinsic behavior of grain boundaries in n-metals. 
Experimental Methods
High density and high purity n-Ag was prepared by the gas deposition method. In the gas deposition method, ultrafine metallic particles formed by the inert-gas condensation process were directly deposited on a glass substrate by using a He gas jet-flow 5 . The purity of He used for the gas condensation and jet-flow was kept better than 99.9999% by a purification system. In the present gas-deposition method, Ag nanoparticles were deposited on a glass substrate at 265 K by using a cold finger cooled by liquid nitrogen. By using the XY-stage, n-Ag ribbons of 2 mm wide, 20 mm long and 0.02 mm thick were prepared. The deposition rate, thickness increase per unit area per unit time, was about 74 nm/s. The internal friction and resonant frequency were measured by using a flexure resonant vibration (~600 Hz) of a reed specimen, where the vibration was excited electrostatistically. The texture of n-Ag such as the mean grain size and preferred orientation was determined from the X-ray diffraction measurement with Cu-Kα radiation. The density of n-Ag was measured by Archimedes method with high purity ethanol. The mean grain size of n-Ag used in the present study was about 30 nm and the density relative to the p-Ag value (10.50 g/cm 3 ) was 97%. Figure 1 shows the temperature changes in the resonant frequency and internal friction of n-Ag. For comparison, the data of p-Ag are also shown in Fig. 1 . The internal friction of n-Ag started the gradual increase with increasing temperature at around 110 K and turned to the almost linear increase with the temperature above ~200 K. In contrast, the internal friction of p-Ag started the gradual increase at around 200 K and turned to the rapid increase above 300 K. It was reported that the increase in internal friction associated with grain boundary relaxation in p-Ag was started at around 430 K for the resonant frequency of 1 Hz 8 . Figure 2 shows the changes in the X-ray diffraction pattern of n-Ag by annealing at elevated temperatures for 30 min. The X-ray diffraction measurement was performed by using Cu-Kα radiation for the scattering angle (2θ) from 30° to 105°. The increase in the mean grain size estimated from the peak broadening is depicted in Fig. 3. From Figs. 2  and 3 , the grain growth of n-Ag started by annealing above 400 K and the texture change from the strong (111) preferred orientation to the random or (100) preferred orientations by annealing above 450 K. The changes in the resonant frequency and internal friction spectra observed for n-Ag by warm-up above room temperature is shown in Fig. 4 . No changes in the internal friction spectrum were observed by repetition of cooldown and warm-up below 350 K. As mentioned in Figs.  2 and 3 , the apparent grain growth of n-Ag was observed by annealing above 400 K. It is noted that no changes in the internal spectra were observed for n-Au and n-Cu by repetition of cool-down and warm-up below the on-set temperatures of the grain growth. When n-Ag was warmed up to 400 K, a slight decrease in the internal friction and an increase in the resonant frequency were observed. When the specimen was further warmed up to 500 K, the internal friction showed a maximum at around 450 K and turned to decrease rapidly at around 490 K. Corresponding to the decrease in the linear increase of internal friction above ~200 K, the resonant frequency of n-Ag showed increases after the warm-up measurements above 350 K. The sudden and large increase in the resonant frequency in Fig. 4(b) suggests that an abnormal grain growth was occurred at around 490 K. It is noted that dynamic Young's modulus of Ag strongly depends on the crystallographic directions; the largest is 118 GPa along the <111> direction and the lowest is 43.7 GPa along the <100> direction 9 . The change in the (111) preferred texture to the (100) preferred one shown in Fig. 2 indicates that the mean modulus along the reed length direction much increased due to the texture change by the abnormal grain growth. By warm-up to 670 K, the internal friction showed a further small decrease and the resonant frequency a slight increase. These changes in the internal friction and the resonant frequency in Fig. 4 clearly suggest that the linear increase in internal friction above ~200 K is due to a certain anelastic process at the grain boundaries.
Results and Discussion
A relaxation peak observed for p-Ag at around 100 K is known as Bordoni peak and the kink-pair formation process of dislocations was attributed 10 . A small peak was observed for n-Ag at around 80 K. It was reported that dislocations were hardly detected in n-Ag with grain size less than 100 nm prepared by inert gas condensation and compaction method 11, 12 . On the other hand, the observation of dislocations was reported for n-Ni 13 . The existence of dislocations in n-metal is still an open question. The peak at around 80 K of n-Ag disappeared by warm-up above 400 K where the grain growth was thermally activated (see Fig. 2 ). We tentatively surmise that the peak at around 80 K of n-Ag is also owing to the grain boundaries 3 . The internal friction spectra of n-Ag, n-Cu (the mean grain size ~10 nm) 7 and n-Au (~30 nm) 14 are compared in Fig. 5 . In the figure, the internal friction due to the grain boundaries of n-Cu is much larger than those of n-Ag and n-Au because the mean grain size of n-Cu is smaller. Beyond the differences in the size, it appeared that the onset temperature of the linear increase in the internal friction for both n-Au and n-Cu was slightly higher than that for n-Ag. The onset temperature of the linear increase in the internal friction estimated by the linear extrapolation was 210 K for n-Ag and 230 K for n-Au and n-Cu, respectively. The internal friction due to the grain boundaries in n-metals can be attributed to a certain anelastic relaxation in the grain boundaries. The probable atomistic process is reversible local site exchange of atoms 7 . It is expected that the local atom jumps become thermally activated at the onset temperature of the linear increase in the internal friction due to the grain boundaries. It is expected that the activation energy of the grain boundary diffusion is a rough indication for the onset temperature of the linear increase in the internal friction. Unfortunately, almost no data of the grain boundary diffusion energy of n-metals were reported except for the several reports 15, 16 . In the first approximation, we refer the activation energy of the grain boundary diffusion in p-metals. The activation energy reported for the grain boundary self-diffusion in p-Au, p-Cu and p-Ag is 110.6 kJ·mol , respectively 17 . The activation energy of grain boundary diffusion for p-Ag slightly lower than that of p-Au and p-Cu and it is compatible with the lower onset temperature of the linear increase in the internal friction of n-Ag.
It is known that the grain boundary state of n-metals depends on the preparation method or process and the nonequilibrium grain boundaries play an important role on the properties 18 . Since the nanoparticles are directly deposited on the substrate by He gas jet-flow in the gas deposition method, n-metals with non-equilibrium grain boundaries can be prepared like the severe plastic deformation methods 19, 20 . Recently, we reported characteristic low temperature properties of n-Au prepared by the gas deposition method 21 . From the thermal analysis of n-Au, an endothermic tendency above 150 K was observed for the repetition of the cool-down and warm-up below 350 K. The deviation to slightly lower values from the linear increase with temperature was also observed for the resistivity of n-Au above ~150 K. As well as the rapid increase in the internal friction, these observations suggested that the reversible state change in the grain boundaries is thermally induced at 150~200 K. These behaviors at low temperatures indicate that a glass-transition-like change of the grain boundaries in n-Au is thermally activated above 150 K and characteristic for the non-equilibrium grain boundaries. The thermal analysis and the resistivity measurement of n-Ag are now in progress to survey the state change in the grain boundaries in n-metals as well as the atomistic process for the internal friction.
Summary
The internal friction of n-Au and n-Cu showed a rapid increase linearly with temperature above ~200 K. Since the amount decreased with a progress of the grain growth, the rapid linear increase in internal friction above ~200 K was attributed to a certain anelastic relaxation in the grain boundaries. In the current study, the internal friction of n-Ag was measured and the result was compared with those of n-Au and n-Cu. For n-Ag, the rapid increase in the internal friction was similarly observed above ~200 K, but the onset temperature of the linear increase with temperature was about 210 K and slightly lower than that of n-Au and n-Cu. Based on the fact that the activation energy of the grain boundary self-diffusion reported for p-Ag is lower than that of p-Au and p-Cu, the lower onset temperature of n-Ag indicates the lower activation energy for the reversible local atomic exchange motions in the grain boundaries of n-Ag. These observations suggest that the state change of the grain boundaries from elastic to anelastic at 150~200 K is common feature for FCC n-metals.
